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1. Introduction and Background 
1.1. Water’s Role in Emergency and Population Migration Scenarios 
Globally, 780 million people do not have access to an improved water source [1]. Many of these people 
are victims of emergencies and/or forced population migration, where lack of safe water can cause 
death. 
Emergencies and population migration have a massive impact on populations around the world. There 
has been a total of 1,934 emergencies reported between 1995 and 2004 [2] and this number is on the 
rise [3]. Emergencies can include natural disasters, complex emergencies, and disease outbreaks. 
Between 1995 and 2004, natural disasters alone affected 2.5 billion people, caused 890,000 deaths, and 
cost 570 billion USD in economic consequences [4]. Population migration is typically caused 
emergencies, and results in camps of refugees, internationally displaced peoples, or entrapped peoples.  
In both emergency and population migration scenarios, access to safe drinking water plays a critical role 
in saving lives. Excess mortality is often contributed to diarrheal illness caused by unsafe drinking water 
[5]. In the 1988 flooding disaster in Bangladesh, diarrheal illness was found as the largest cause for 
death for people under the age of 26 [6]. Some emergency scenarios are caused by unsafe drinking 
water as well, such as outbreaks of cholera, typhoid fever, shigellosis, dysentery and hepatitis A and E 
[7]. For these reasons, the first priority for emergency mitigation is to provide potable water, sanitation 
and site panning to prevent diarrheal illness [8]. 
1.2. The Promise and Challenges of Appropriate PoUWT Technologies 
There are two conventional methods of providing potable water during emergencies and population 
migration scenarios. The first is to package purified and transport it to the site by trucks, air, or foot to 
the site. Distributing water in this way is costly, and logistically difficult. Another standard practice is to 
recommend boiling. Though boiling does improve the microbiological quality of waters [9], it has been 
shown to be ineffective in certain scenarios due to lack of fuel availability, and poor communication of 
proper boiling and safe water storage (SWS) techniques [7]. 
A promising alternative to providing access to safe drinking water in emergency and population 
migration contexts is through the use of point-of-use water treatment (PoUWT) technologies. In the 
development context, water is increasingly being provided to people in need by PoUWT technologies 
such as flocculants, disinfectants, ceramic filters, sand filters and SODIS. These technologies have been 
proven to be effective in many controlled studies [7], which is why the World Health Organization 
(WHO) promotes PoUWT to produce safe drinking in the development context. The effectiveness of 
PoUWT in the development context has led to an exponential increase in its use for emergency and 
population migration scenarios from 1999 to 2007 [7]. PoUWT is not recommended for the acute 
emergency stage, as it has shown to have a no more than 20% uptake in this stage [7]. However, it has 
been shown to be effective in the late emergency stage, where there is more a focus on public health 
programs than acute needs. Therefore, PoUWT can play a critical role in filling the gap between acute 
emergency relief and the post emergency stage, where the health profile of the community mirrors that 
of a normal community and the focus of humanitarian aid shifts from relief to development. PoUWT has 
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been shown to be particularly effective for disaster relief, complex emergencies where relief cannot 
progress into development and in response to outbreaks caused by unsafe drinking water [7]. 
There are six metrics that should be considered when selecting an appropriate PoUWT technology. 
System operations and maintenance is one of the most critical metrics. Any PoUWT technology must be 
simple, durable, robust, and easy to operate and maintain. Additionally, an appropriate PoUWT 
technology must have adequate contaminant deactivation, or removal, for the given source water. 
Treatment for bacteria, viruses and protozoa is a must, but treatment for more persistent contaminants, 
such as toxic organics and heavy metals, is also worthy of concern because these contaminants are 
increasingly being found in waters in disaster-prone regions of the world [10], [11]. The total lifecycle 
cost of materials, distribution, training, and follow-up is also an important factor for selecting a PoUWT 
system. Obviously, cost can be a limiting factor in emergency situations. Material availability can also 
play a major role in PoUWT, as it can affect distribution costs, community acceptance and project 
sustainability. The technology must also have an adequate water production capacity for its suited use. 
Ideally, the water purification technology must have a flexible production capacity for both household-
scale and community-scale use. A final important metric is community-technology interaction. This can 
include a broad range of things that impact the acceptance of PoUWT technologies, such as: taste of 
water, ease of use, historical experiences with water, social/cultural aspects, and much more. 
The metrics outlined above are useful for evaluating and improving PoUWT technologies; however, 
since many of the metrics are qualitative and based on community-specific considerations, making 
objective comparisons between technologies difficult. An object comparison between the efficacies of 
various PoUWT options can be made with quantitative data about water treatment method such as 
treatment efficiency, cost per liter of water, community compliance rate, and community diarrheal 
illness reduction. Table 1 summarizes these metrics for PoUWT technologies that have documented use 
in emergency situations. Boiling was not included in this review, as few studies could be found on its 
efficacy.
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Table 1. Existing PoUWT technologies surveyed in the literature [7], [12], [13]. 
  
Flocculent / 
Disinfectant Powders 
(PuR) 
Chlorine Tablets 
(Aquatabs) 
Sodium 
Hypochlorite (SWS) 
Ceramic Filtration BioSand Filtration Solar Disinfection 
Treatment 
Efficiency 
(%) 
Bacteria: >99      
Viruses: >99      
Protozoa: >99 
Bacteria: >99      
Viruses: >99     
Protozoa: >99 
Bacteria: >99      
Viruses: >99     
Protozoa: >99 
Bacteria: 99      
Viruses: 68      
Protozoa: >99 
Bacteria: 90      
Viruses: 68      
Protozoa: 99 
Bacteria: >99     
Viruses: 99      
Protozoa: 90 
Cost Per Liter 
(USD/L) 
0.0035 0.0005 0.00008-0.00033 0.001-0.004 0.0008-0.007 0.0006 
Compliance 
Rate* (%) 
10 to 95.4 10 to 30 3 to 76.7 23 to 96 Not Available Not Available 
Diarrheal Illness 
Reduction (%) 
19 to 83 5 25 to 84 Not Available Not Available Not Available 
* Only raw material costs included
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Most of the systems in Table 1 have high treatment efficiency and are reasonably priced. However, 
there are large discrepancies in compliance rate and diarrheal illness reduction for all PoUWT options 
for which data could be found. This is because these metrics, though partially driven by cost and ease of 
operations and maintenance, are largely driven by training, follow-up and implementation 
programming. 
Although many of the technologies in Table 1 have been shown to be effective, none have been shown 
to remove a broad range of persistent contaminants. Moreover, few water treatment technologies are 
capable of removing persistent contaminants without large chemical or electrical inputs. 
1.3. Forward Osmosis (FO) 
Forward Osmosis (FO) is an emerging water purification technology that could be used to remove 
biological, inorganic, and organic contaminants [14], [15]. Engineered FO processes exploit osmosis, 
which is defined as the transportation of water from a region of higher water potential, to a region of 
lower water potential.  
Figure 1 is diagram for how this works for water purification. A concentrated draw solution is used to 
draw water from a contaminated source across a selectively-permeable membrane. This membrane 
allows water to pass, while rejecting the contaminants. The result is concentrated feed water, which can 
be diluted into the source, and a dilute draw solution. This draw solution can be made of either 
removable or edible solutes, so that the end product can either be pure water, or a consumable 
hydrating solution. 
 
Figure 1. Diagram of the forward osmosis process. 
The generalized equation describing water transport for FO is: 
                         (1) 
Where    is the water flux,   is the pure water permeability,   is the reflection coefficient. and   is the 
osmotic pressure. The subscripts  and   denote the draw solution side and feed solution side 
respectively. 
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1.4. Hydration Technology Innovations’ Osmotic Water Purification Systems 
Hydration Technology InnovationsTM (HTI) is already creating a series of osmotic water purification 
systems that utilize a sugar-nutrient-electrolyte solution as a draw solution. The result is a hydrating 
drink, similar to Gatorade® or Pedialyte®, which can also alleviate users from malnutrition and diarrheal 
illness, two of the most prolific killers in emergencies and population migration.  
Two systems of particular interest are the HydroWell® and Village System®. Both systems use essentially 
the same process, but the HydroWell® is designed for a household-scale use, producing 0.7 to 1.2 L/hr, 
while the Village System® is designed for community-scale use, producing 600 to 800 L/hr per module.  
The membrane used in these systems is a cellulose triacetate membrane with an integrated polyester 
mesh support [16].  
HTI’s process is depicted by Figure 2. Draw solution is fed into a spiral-wound membrane module, similar 
to that described by Childress et. al. [14]. This module rests in a container of feed water. As water is 
drawn into the membrane envelop, the product is pushed out of the module into a separate storage 
container. 
 
Figure 2. Diagram of HTI’s process. 
HTI’s systems have two major system components, the containment vessels and membrane module, 
and two major chemical feedstocks, the cleaning reagents and draw solution. The containment vessels 
can be made of a variety of materials and should not be problematic in any scenario. However, the 
membrane is susceptible to fouling, like most filters. Fouling can reduce flux, increase contaminant 
passage, and reduce the membrane’s longevity [17–19]. Since the membrane needs to be made in high-
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end manufacturing facilities, it is of the utmost importance that it has a high longevity and low failure 
rate. Therefore, fouling control is critical. Fouling control is typically achieved through the first major 
chemical feedstock: a cleaning reagent. HTI recommends the use of sodium metabisulfite (SMBS). The 
final system feedstock, the draw solution, is primarily composed of sugars and electrolytes. HTI has 
proprietary solutions that they sell; however, it is possible to make similar solutions from a variety of 
sources. Though this is not dealt with in this paper, novel draw solution design for this system is an 
interesting area for future studies.  
1.5. Research Objectives 
The purpose of this work is to evaluate HTI’s systems for emergency and population migration relief, 
and to establish a foundation upon which future system improvements can be made. This evaluation will 
be based on the metrics for an appropriate PoUWT technology established in Section 1.2. HTI’s two 
systems already have a flexible water production capacity; however, there are still questions remaining 
about contaminant removal, lifecycle cost, material availability, operations and maintenance, and 
community-technology interaction. Three key areas were explored in this paper: contaminant removal, 
lifecycle cost, and material availability. 
Though the HydroWell® and Village System® have been shown to meet or surpass reductions in 
bacteria, viruses, and cysts specified by the US Environmental Protection Agency [20], no data has been 
published on their removal of more persistent contaminants, such as heavy metals. Moreover, though 
many studies have been conducted on heavy metal rejection for reverse osmosis (RO) systems [21], 
[22], none have been done on the rejection of heavy metals in FO systems. Inorganic contaminant 
removal in the RO and FO modes are examined in this work. 
For HTI’s systems to be a viable PoUWT option, it must be cost competitive with existing technologies. 
Due to the high cost of the membrane and draw solution, HTI’s systems will cost more than the PoUWT 
options outlined in Table 1. However, it is important to note that HTI’s systems produce a potable drink 
that can alleviate diarrheal illness and malnutrition as well as hydrate the user, as opposed to just water. 
Regardless of the systems’ technical advantages, it will still be important to minimize costs. In this work, 
the primary system costs are identified and used to model the overall system cost as a function of 
process variables. This model was used to determine a cost-minimal operating condition and to conduct 
a sensitivity analysis on the impact of cost reductions in key areas. 
HTI’s recommended cleaning reagent, SMBS, may be available in limited supply in different regions of 
the world. Therefore, it is important to assess the efficacy of other common cleaning reagents for HTI’s 
membrane. Some reagents can degrade the membrane, so this work studied the impact of various 
cleaning reagents on membrane performance. 
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2. Materials and Methods 
2.1. Determination of Contaminant Rejection 
2.1.1. Contaminant Rejection in the Reverse Osmosis Mode 
HTI’s 081118 membrane (HTI, Albany, OR) contaminant rejection was tested with a lab-scale cross-flow 
reverse osmosis system. Copper nitrate trihydrate (Acros Organics), lead nitrate (Fischer Scientific), 
chromium nitrate nonahydrate (Acros Organics), and diarsenic pentoxide (Acros Organics) were tested 
as model heavy metal contaminants. Feed solutions of 0.01M NaCl () and 10 ppm of each heavy metal 
were adjusted to a pH of 5.0 ± 0.1 with 0.1M NaOH(aq) (Fischer Scientific) or 0.1M HCl(aq) (Sigma Aldrich). 
All tests were conducted at 104 psi, 25°C and 0.6 L/m cross-flow. 
2.1.2. Contaminant Rejection in the Forward Osmosis Mode 
HTI’s membrane was tested in a lab-scale cross-flow forward osmosis system, using the same feed 
solutions as those used in the reverse osmosis testing. A draw solution of 260 g/L food-grade sugar 
(Dominos, Yonkers, NY) was used to produce the same mean area normalized flux, about 2.4 LMH, as 
that in the reverse osmosis testing. All tests were conducted at 25°C and 0.6 L/m cross-flow. 
2.1.3. Determination of Inorganic Contaminant Concentrations 
All tests were conducted with an inductively coupled plasma mass spectrometer (ICP-MS). The feed, 
draw, and permeate sample solutions were run at 10, 5 and 1 times dilution respectively. Triplicates 
were conducted for all trials and mean values were reported. 
2.2. Lifecycle Cost 
2.2.1. Cost Model 
The draw solution and membrane module are the two primary material costs. These costs are related to 
the total cost per volume of drink produced ( ̇      ) by Eq. 2: 
 ̇      (
  
  
) (
 
 ̇
)  (
  
  
) (
 
 
)             (2) 
Where    is the cost of the membrane module,    is the lifetime of the membrane module, ̇  is the 
drink product flow rate,    is the cost of the draw solution per bag of draw solution,    is the volume of 
draw solution per bag of draw solution, and  is the dilution factor, which is equivalent to the total 
volume of product produced divided by the volume of draw solution used to produce that product. 
  
  
 
and 
  
  
 are considered the membrane and draw solution cost constants, respectively. 
2.2.2. HydroWell® Testing 
To determine optimal process flow conditions, tests were conducted with modified HTI HydroWell® 
systems (HTI, Albany, OR) that are illustrated in Figure 4. These systems were retrofitted with needle 
valves (NoShok) to control the draw solution flow rate, and graduated cylinders to measure the draw 
solution flow rate. Product flow rate, draw solution flow rate, and feed water flow rates were measured 
each hour. Draw solution provided by HTI was used. All tests were conducted at 22°C. 
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2.3. Material Availability: Membrane Degradation Study 
Membrane samples from HTI’s Hydrowell® system were soaked for 24 hours in hydrogen peroxide 
(Acros Organics), sodium hypochlorite (Acros Organics), ethanol (Acros Organics), sodium dodecyl 
sulfate (Acros Organics), Minncare® (Mar Cor Purification, Philadelphia, PA), and sodium metabisulfite 
(Acros Organics), at the concentrations shown in Table 2. 
Table 2. Test matrix of cleaning solutions used in the membrane degradation study. 
Reagents 
Concentration 
(% Mass) 
Minncare® (MC)* 100 
Ethanol (EtOH) 50 
Sodium Hypochlorite (NaClO) 0.5 
Hydrogen Peroxide (H2O2) 0.1 
Sodium Dodecyl Sulfate (SDS) 0.4 
Sodium Metabisulfite (SMBS) 14 
 
*A proprietary blend of peracetic acid, acetic acid, and hydrogen peroxide. 
These cleaning reagents and concentrations were chosen based on reagents and values found in the 
literature [23–25].The 24 hour soak time in the cleaning reagents was chosen based on the expected 
time of exposure to the cleaning reagents during the membrane’s lifetime, given a consistent cleaning 
protocol. These membranes were soaked in DI water for 24 hours prior to characterization The 
membranes were characterized with pure water permeability tests, and sodium chloride rejection tests. 
Pure water permeability tests were conducted at 0.5 LPM cross-flow, 25°C, and 150, 200, 250 and 300 
psi with a deionized water feed. Sodium chloride rejection was determined at 0.5 L/m, 25°C, and 225 psi 
with a 2000 mg/L NaCl feed solution. 
3. Results and Discussion 
3.1. Contaminant Rejection 
It has been shown that water flux can impact the observed rejection in RO systems [21], therefore it was 
important to insure that fluxes were consistent between RO and FO tests. Fluxes were measured 
throughout each experiment. The average flux of all experiments was 2.4 LMH, with a standard 
deviation of 0.8 LMH, which is within typical error for the systems used.  
Figure 5 is a summary of all the observed rejection data from tests in both the RO and FO cross-flow 
systems. All average observed rejections exceed 97.6% for both tests, which is very high. It has been 
shown that cations with higher valences are rejected more easily than cations with lower valences, 
because hydrated radius increases with valence, thus lowering diffusivity [22].  Previous studies of HTI’s 
membranes also show high rejection of monovalent salts [16], [26]. Moreover, previous studies show 
comparably high rejections for cellulose acetate membranes [21], [22]. Therefore, the high observed 
rejections were expected. Arsenic and chromium should show higher rejections in the RO testing due to 
10 
 
their higher valence; however, since rejections are so high for all species, there was no discernible 
difference within the experimental error. 
 
Figure 5. Removal of chromium (III), copper (II), lead (II) and arsenic (V) at pH 5, 0.01M NaCl, 2.4 LMH 
flux, 0.6 L/m cross-flow and 25°C. 
The sugar draw solution used for the FO studies was composed of mostly nonpolar solutes. Having a 
nonpolar draw solution should negate any charge effects that could impact rejection. Without charge 
effects, the FO and RO process should behave similarly in terms of rejection. The data gathered show an 
increase observed rejection in the FO mode relative to the RO mode. However, it is important to qualify 
these observed rejections with the experimental limits of the test. In the FO tests, the permeate is 
diluted into a bulk draw solution. From this dilution, and the minimum detection limit of the ICP-MS, it is 
possible to calculate the maximum observable rejection. For the chromium, copper, lead and arsenic 
tests, the maximum observable rejections are 99.5, 99.5, 99.9 and 99.5 percent respectively. All 
observed rejections exceeded these figures for the FO tests, but it can only confidently be said that the 
maximum observable rejections have been achieved. The maximum observable rejection values are all 
within the experimental error of the RO tests, which suggests that rejection data in the RO and FO mode 
are similar. 
This study does not necessarily indicate the performance of HTI’s system for all conditions. Heavy metal 
rejection is largely dependent on the feed water. For instance, pH can change both the speciation [27–
31] and membrane properties [32]. Moreover, the presence of other solutes, such as natural organic 
matter or electrolytes, can significantly impact the rejection by either complexing with the heavy metal, 
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or by contributing to charge effects [33–36]. Beyond considerations of the feed water, HTI’s system is 
stagnant on the feed water side, unlike the cross-flow systems used to characterize HTI’s membrane. 
This results in significant concentration polarization differences that can impact salt flux. Additionally, 
the tests conducted were at a higher area normalized flux than that of HTI’s systems, which could lead 
to a higher observed rejection. However, the results shown in Figure 5 show very high heavy metal 
reductions. Similarly high rejections should be observed for a variety of feed waters and system designs. 
3.2. Lifecycle Cost 
3.2.1. Cost Model 
Data collected from HTI’s HydroWell® system is presented in Figure 6, with a fourth order polynomial 
line fit. Though this line has no physical significance, it allows for modeling of the system’s behavior. 
Note that the product flow rate and dilution factor are inversely related. This is an expected result. If the 
draw solution flow rate is slow, each volume of draw solution has a long residence time within the 
membrane module and the draw solution is diluted significantly by the permeate before exiting the 
module. The dilution results in a lower mean osmotic pressure in the membrane module, which, by Eq. 
1, results in a low product flow rate. On the other hand, if the draw solution flow rate is fast, each 
volume of draw solution has a small residence time and the draw solution is still concentrated while 
exiting the module. This results a high mean osmotic pressure throughout the system, which leads to a 
high product flow rate.  
 
Figure 6. Dilution factor as a function of product flow rate from HydroWell® data at ~22°C 
Since product flow rate and dilution factor are related inversely, there must be a cost minimal operating 
condition according to Eq 2. 
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3.2.2. Sensitivity Analysis 
To determine the cost minimal operating condition, the polynomial equation found from Figure 6 was 
combined with Eq 2. Commercial values were used for membrane and draw solution cost. These values 
were $300.00 and $5.00, respectively. Values provided by HTI were used for membrane longevity and 
draw solution volume per bag. These values were 90 days and 410 mL, respectively. The result was that 
the system could be operated at draw solution and product flow rate of 0.06 and 0.6 L/hr respectively at 
a minimal cost of 0.34 USD/L. 
Cost reductions can be achieved through decreasing the membrane or draw solution cost constants. The 
membrane cost constant can be decreased by reducing manufacturing and distribution costs, or 
extending the membrane’s longevity. The latter can be actualized by using better cleaning reagents and 
pretreatment systems that remove harmful foulants. The draw solution cost constant can be decreased 
by reducing manufacturing and distribution costs. This can be done by locally sourcing the draw 
solution, and having methods of creating draw solution on-site. A sensitivity analysis of these cost 
reductions was conducted. The results are illustrated Figures 7 and 8. 
 
Figure 7. Cost sensitivity to a 200% and 400% extension of membrane longevity, based on the cost 
model developed in Section 3.2.1. 
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Figure 8. Cost sensitivity to 50% and 25% reductions in draw solution cost, based on the cost model 
developed in Section 3.2.1. 
As the membrane cost constant decreases, the cost optimal product flow rate shifts to the left. This 
behavior occurs because as the membrane cost constant becomes smaller relative to the draw solution 
cost constant, the draw solution becomes the cost-driving material. Therefore, it is desirable to increase 
the dilution factor, so that the maximum amount of product is produced per liter of draw solution. 
However, a high dilution factor will result in a low product flow rate. 
Conversely, as the draw solution cost constant decreases, the cost optimal product flow rate shifts to 
the right. This behavior occurs because as the draw solution cost constant becomes smaller relative to 
the membrane solution cost constant, the membrane becomes the cost-driving material. Therefore, it is 
desirable to maximize the product flow rate so that the maximal volume of product is produced before 
membrane failure. However, a high product flow rate means a low dilution factor, and, depending on 
the draw solution, there is a minimal dilution factor of operation. For HTI’s draw solution, this number is 
about 13. If the dilution factor drops below this point, the product will be too saline for hydration. 
A combination of minimizing the draw solution and membrane cost constants can significantly reduce 
the overall system cost. Initial calculations show that the draw solution can reasonably be reduced to a 
cost of 0.60 USD per bag. Furthermore, it might be reasonable to reduce the cost of the membrane to 
200.00 USD in humanitarian situations. In this case, the minimum operating cost would be as low as 0.10 
USD/L. Though this price is still high relative to other water purification systems, it must be considered 
along with the superior contaminant removal and additional benefits of HTI’s process. 
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3.3. Material Availability: Membrane Degradation Study 
Figures 9 and 10 show the impact of select cleaning reagents on the water permeability and NaCl 
rejection of HTI’s membrane.  Hydrogen peroxide, sodium dodecyl sulfate (SDS) and sodium 
metabisulfite (SMBS) all have a statistically negligible impact on the membrane, which means that they 
are all viable cleaning reagents. Ethanol and sodium hypochlorite increase the permeability and 
decrease the rejection, indicating that they are causing degradation in the membrane’s performance. 
The sodium hypochlorite causes degradation by oxidizing the alcohol groups to carboxyl, aldehyde and 
ketone groups [37]. The ethanol could cause degradation by either dehydrating the membrane, which 
could cause cracking upon rehydration, or by de-acetylation [38]. Interestingly, Minncare® increased 
water permeability while maintaining similar salt rejections to the water control. This result was 
unexpected, but still implies that Minncare® would be an effective cleaning reagent. Further studies 
could illuminate the mechanistic cause to this behavior. 
 
Figure 9. Water permeability of HTI’s 081118 membrane after 48 hours of exposure to cleaning 
reagent. Data gathered at 0.5 L/m, 25°C, and at pressures of 150, 200, 250 and 300 psi. 
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
H2O MC EtOH NaOCl H2O2 SDS SMBS
W
at
er
 P
er
m
ea
b
ili
ty
 (
LM
H
/p
si
) 
15 
 
 
Figure 10. Sodium chloride rejection of HTI’s 081118 membrane after 48 hours of exposure to cleaning 
reagent. Data gathered at 0.5 L/m, 25°C, and 225 psi with a feed of 2000 mg/L NaCl. 
4. Conclusions 
HTI’s osmotic water purification systems have been proven to meet four of the six criteria outlined for a 
PoUWT technology. Between the Village System® and HydroWell®, there is the possibility for household-
scale and community-scale production capacity. Additionally, HTI’s systems have contaminant removal 
capabilities that exceed any PoUWT technology that has been well documented for emergency relief 
and population migration scenarios. Though the cost per liter of product may be high compared to other 
PoUWT technologies, HTI’s systems have the potential to be lowered to economically feasible levels. 
Furthermore, they have an additional value proposition over existing PoUWT technologies, in that they 
produce a drink that can alleviate malnutrition and diarrheal illness, and can remove persistent 
contaminants such as heavy metals. Finally, though the membrane must be shipped to the site, most of 
the systems’ materials are readily available in many countries. A variety of cleaning reagents can be 
used, and the draw solution can be made from many different combinations of sugars and electrolytes. 
Further evaluation must be conducted in order to fully evaluate HTI’s systems’ efficacy in emergency 
relief and refugee scenarios. HTI’s systems have been shown to be technically sound; however, one of 
the most important aspects to the success of these technologies are how they are received by the 
community. This will largely determine the effectiveness of the system at reducing diarrheal illness and 
maximizing compliance rate. Long term operations and maintenance studies must be conducted to 
determine ease of use, robustness, and durability under extreme conditions. Furthermore, the 
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community-technology interaction must be evaluated. Moreover, improvements to the current system 
design may need to be made in order to optimize its efficacy for emergency and population migration 
relief. Further work could result in a system that could save the lives of those most in need. 
  
17 
 
5. References 
[1] “Progress on Drinking Water and Sanitation 2012 Update,” 2012. 
[2] P. B. Spiegel, P. Le, M.-T. Ververs, and P. Salama, “Occurrence and overlap of natural disasters, 
complex emergencies and epidemics during the past decade (1995-2004).,” Conflict and health, 
vol. 1, p. 2, Jan. 2007. 
[3] “2005: disasters in number,” Geneva, Switzerland, 2006. 
[4] “Disaster risk and climate change,” Geneva, Switzerland, 2008. 
[5] M. J. Toole and R. J. Waldman, “Prevention of excess mortality in refugee and displaced 
populations in developing countries.,” JAMA : the journal of the American Medical Association, 
vol. 263, no. 24, pp. 3296-302, Jul. 1990. 
[6] A. K. Siddique, A. H. Baqui, A. Eusof, and K. Zaman, “1988 floods in Bangladesh: pattern of illness 
and causes of death.,” Journal of diarrhoeal diseases research, vol. 9, no. 4, pp. 310-4, Dec. 1991. 
[7] D. Lantagne and T. Clasen, Point of Use Water Treatment in Emergency Response, no. October. 
London: London School of Hygiene and Tropical Medicine, 2009. 
[8] J. T. Watson, M. Gayer, and M. a Connolly, “Epidemics after natural disasters.,” Emerging 
infectious diseases, vol. 13, no. 1, pp. 1-5, Jan. 2007. 
[9] T. F. Clasen, D. H. Thao, S. Boisson, and O. Shipin, “Microbiological effectiveness and cost of 
boiling to disinfect drinking water in rural Vietnam.,” Environmental science & technology, vol. 
42, no. 12, pp. 4255-60, Jul. 2008. 
[10] O. Jerome, “Global Metal Pollutions : Poisoning the Biosphere ?,” Environment, vol. 32, no. 7, pp. 
6-33, 1990. 
[11] G. M. Grossman and A. B. Krueger, “Economic Growth and the Environment.” Cambridge, MA, 
1994. 
[12] D. R. Hokanson, Q. Zhang, J. R. Cowden, A. M. Troschinetz, J. R. Mihelcic, and D. M. Johnson, 
“Environmental Engineer : Applied Research and Practice CHALLENGES TO IMPLEMENTING 
DRINKING WATER TECHNOLOGIES IN DEVELOPING WORLD COUNTRIES,” Environmental 
Engineer: Applied Research and Practice, vol. 1, pp. 1-9, 2007. 
[13] M. D. Sobsey, C. E. Stauber, L. M. Casanova, J. M. Brown, and M. A. Elliott, “Point of use 
household drinking water filtration: a practical, effective solution for providing sustained access 
to safe drinking water in the developing world,” Environmental science & technology, vol. 42, pp. 
4261-4267, Mar. 2008. 
[14] T. Cath, a Childress, and M. Elimelech, “Forward osmosis: Principles, applications, and recent 
developments,” Journal of Membrane Science, vol. 281, no. 1–2, pp. 70-87, Sep. 2006. 
18 
 
[15] R. L. McGinnis and M. Elimelech, “Global challenges in energy and water supply: the promise of 
engineered osmosis.,” Environmental science & technology, vol. 42, no. 23, pp. 8625-9, Dec. 
2008. 
[16] J. R. McCutcheon, R. L. McGinnis, and M. Elimelech, “A novel ammonia—carbon dioxide forward 
(direct) osmosis desalination process,” Desal, vol. 174, no. 1, pp. 1-11, Apr. 2005. 
[17] M. F. a. Goosen, S. S. Sablani, H. Al‐Hinai, S. Al‐Obeidani, R. Al‐Belushi, and D. Jackson, “Fouling of 
Reverse Osmosis and Ultrafiltration Membranes: A Critical Review,” Separation Science and 
Technology, vol. 39, no. 10, pp. 2261-2297, Jan. 2005. 
[18] E. M. V. Hoek and M. Elimelech, “Cake-Enhanced Concentration Polarization : A New Fouling,” 
Environmental science & technology, vol. 37, no. 24, pp. 5581-5588, 2003. 
[19] M. Herzberg and M. Elimelech, “Biofouling of reverse osmosis membranes: Role of biofilm-
enhanced osmotic pressure,” Journal of Membrane Science, vol. 295, no. 1–2, pp. 11-20, May 
2007. 
[20] H. T. Innovations, “HydroWell Brochure.” 2010. 
[21] T. A. Kurniawan, G. Y. S. Chan, W.-H. Lo, and S. Babel, “Physico–chemical treatment techniques 
for wastewater laden with heavy metals,” Chemical Engineering Journal, vol. 118, no. 1–2, pp. 83-
98, May 2006. 
[22] H. K. Johnston, “Reverse Osmosis Rejection of Heavy Metal Cations,” Desalination, vol. 16, pp. 
205-224, 1975. 
[23] J. E. Nett, K. M. Guite, A. Ringeisen, K. a Holoyda, and D. R. Andes, “Reduced biocide susceptibility 
in Candida albicans biofilms.,” Antimicrobial agents and chemotherapy, vol. 52, no. 9, pp. 3411-3, 
Oct. 2008. 
[24] T. Schmid, U. Panne, J. Adams, and R. Niessner, “Investigation of biocide efficacy by 
photoacoustic biofilm monitoring.,” Water research, vol. 38, no. 5, pp. 1189-96, Mar. 2004. 
[25] J.-A. B. Maltais and T. Stern, “A Superior Biocide for Disinfecting Reverse Osmosis Systems.” 
[26] N. T. Hancock and T. Y. Cath, “Solute coupled diffusion in osmotically driven membrane 
processes.,” Environmental science & technology, vol. 43, no. 17, pp. 6769-75, Oct. 2009. 
[27] M. Bissen and F. H. Frimmel, “Arsenic – a Review . Part I : Occurrence , Toxicity , Speciation , 
Mobility,” Acta hydrochim. hydrobiol., vol. 31, no. 1, pp. 9-18, 2003. 
[28] W. R. Cullen and K. J. Reimer, “Arsenic speciation in the environment,” Chemical Reviews, vol. 89, 
no. 4, pp. 713-764, Jun. 1989. 
[29] G. Issabayeva, M. K. Aroua, and N. M. N. Sulaiman, “Removal of lead from aqueous solutions on 
palm shell activated carbon.,” Bioresource technology, vol. 97, no. 18, pp. 2350-5, Dec. 2006. 
19 
 
[30] R. Rakhunde, L. Deshpande, and H. D. Juneja, “Chemical Speciation of Chromium in Water: A 
Review,” Critical Reviews in Environmental Science and Technology, vol. 42, no. 7, pp. 776-810, 
Apr. 2012. 
[31] R. N. Sylva, “The environmental chemistry of copper (II) in aquatic systems,” vol. 10, no. 9, pp. 
789-792, 1976. 
[32] A. E. Childress and M. Elimelech, “Effect of solution chemistry on the surface charge of polymeric 
reverse osmosis and nanofiltration membranes,” Journal of Membrane Science, vol. 119, pp. 253-
268, 1996. 
[33]  a. Alpatova, S. Verbych, M. Bryk, R. Nigmatullin, and N. Hilal, “Ultrafiltration of water containing 
natural organic matter: heavy metal removing in the hybrid complexation–ultrafiltration 
process,” Separation and Purification Technology, vol. 40, no. 2, pp. 155-162, Dec. 2004. 
[34] S. Verbych, M. Bryk, a. Alpatova, and G. Chornokur, “Ground water treatment by enhanced 
ultrafiltration,” Desalination, vol. 179, no. 1–3, pp. 237-244, Jul. 2005. 
[35] H. Ozaki, K. Sharmab, and W. Saktaywirf, “Performance of an ultra-low-pressure reverse osmosis 
membrane ( ULPROM ) for separating heavy metal : effects of interference parameters,” 
Desalination, vol. 144, pp. 287-294, 2002. 
[36] A. Seidel, J. J. Waypa, and M. Elimelech, “Role of Charge ( Donnan ) Exclusion in Removal of 
Arsenic from Water by a Negatively Charged Porous Nanofiltration Membrane,” Environmental 
Engineering Science, vol. 18, no. 2, pp. 105-113, 2001. 
[37] E. Arkhangelsky, U. Goren, and V. Gitis, “Retention of organic matter by cellulose acetate 
membranes cleaned with hypochlorite,” Desalination, vol. 223, no. 1–3, pp. 97-105, Mar. 2008. 
[38] T. Heinze and T. Liebert, “4.2 Chemical characteristics of cellulose acetate,” Macromolecular 
Symposia, vol. 208, no. 1, pp. 167-238, Mar. 2004. 
[39] B. T. Burkholder and M. J. Toole, “Evolution of complex disasters,” The Lancet, vol. 346, no. 8981, 
pp. 1012-1015, 1995.  
 
